Voltage-gated cation channels typically achieve rapid yet selective transmembrane ion flux by coordinating the dehydrated permeant ion in a tetrameric selectivity filter structure. In the superfamily of voltage-and ligand-gated cation channels, each six transmembranespanning channel protomer contains a voltage-sensor domain (VSD) that serves to regulate the opening and closing of the central ion-conducting pore that is structurally distinct from the pore domain [1] [2] [3] . The human Hvcn1 allele encodes a 273-residue VSD protein, Hv1, that is sufficient to reconstitute the characteristic proton selectivity and voltage-and pH gradient-dependent gating of native voltage-gated H + conductances [4] [5] [6] [7] . N-and C-terminal truncations alter channel kinetics and voltage dependence but do not abolish H + current, indicating that the minimal (~175-residue) monomeric VSD of Hv1 is sufficient to form a H + -selective permeation pathway 8, 9 .
titration of at least one ionizable residue side chain to complete the HBC on which protons move through the open channel, then neutralizing mutations of crucial ionizable residues would be expected to abrogate expressed H + currents. However, our results indicate that proton flux through Hv1 does not require the explicit titration of residue side chains, arguing instead that H + transfer occurs in a water wire within the central crevice of the VSD.
RESULTS

Neutralizing mutations in Hv1 conduct voltage-gated currents
To determine whether H + permeation in Hv1 requires residues that could serve to complete an HBC for Grotthuss-type H + transfer, we first identified candidate H + -transfer residues by comparing orthologous Hv1 residue sequences from human, mouse and Ciona intestinalis, each of which is sufficient to reconstitute voltage-gated proton channel activity in heterologous expression systems 4, 5, 7 . We then systematically mutated conserved candidate ionizable residues in the Hv1 VSD to a nonionizable residue, typically alanine ( Fig. 1a and Supplementary Fig. 1 ) and measured H + currents in HEK cells expressing mutant channels 18-24 h after transfection.
Arginine residues located at every third position along the S4 helix of voltage-gated cation channels and voltage-sensitive phosphatases ( Supplementary Fig. 1 ) sense the transmembrane electrical field and drive conformational changes that are associated with channel gating and enzyme activation [1] [2] [3] . Arginine residues in S4 must remain charged to sense membrane potential and deprotonation (pK a ~ 12) a r t i c l e s is unlikely in the physiological pH range, suggesting that H + permeation in Hv1 is not likely to require the titration of these residues. As expected, we found that alanine substitution for arginine at each of the three conserved S4 positions in Hv1 does not interfere with the expression of robust voltage-dependent H + currents 4, 5 (Supplementary Table 1 ).
The Shaker Kv channel VSD generates a H + -selective conductance only when S4 arginine residues are mutated to histidine 14 . To determine whether Hv1 uses a histidine-based H + shuttle mechanism, we simultaneously neutralized pairs of histidine residues that are predicted to be accessible to either the extracellular (His140 and His193) or intracellular (His167 and His168) environments. We previously showed that the neutralization of the two extracellular histidine residues abolished the sensitivity of Hv1 to Zn 2+ but only modestly affected the voltage dependence of expressed proton currents 4 ( Supplementary Fig. 2a and Supplementary  Table 1 ). Simultaneous mutation of the two intracellular histidines also produced only small changes in Hv1 currents ( Supplementary Fig. 2a and Supplementary Table 1 ). Our data therefore argue against the possibility that proton permeation in Hv1 is mediated by a histidine shuttle or transporter mechanism. The remaining pool of conserved candidate HBC residues in the Hv1 VSD includes seven acidic (aspartate and glutamate) and three basic (lysine) residues ( Fig. 1a and Supplementary Fig. 1 ). Substitution for a neutral residue at each of these candidate positions also failed to abrogate expression of voltage-dependent H + currents (Fig. 1, Supplementary Fig. 2 and Supplementary Table 1) .
We estimated the effect of mutations on the voltage dependence of Hv1 activation by measuring the voltage at which a detectable tail current was elicited (V thr ) 7 in the absence of a pH gradient (ΔpH = 0, where ΔpH = pH o -pH i ). V thr ranged from −135 mV (D174N) to +77 mV (R211A) in singly mutated Hv1 channels compared to +7 mV for WT Hv1 (Figs. 1 and 2 and Supplementary Table 1) . Whereas the neutralization of certain residues had only a small (E119A, D123A, K125A, S143A, S181A) or negligible (K157A, R205A, R208A, K221A) effect on Hv1 voltage dependence, other positions were substantially more sensitive to mutagenesis ( Fig. 1 and Supplementary Table 1) . Residues where single mutations caused the largest positive shifts in V thr were located in S1 (D112A, V thr = 66 ± 3 mV), S3b (D185A, V thr = 65 ± 3 mV) and S4 (R211A, V thr = 77 ± 4 mV). Large negative shifts in V thr resulted from mutations of residues in S2 (E153N, V thr = −110 ± 8 mV; E153A, V thr = −48 ± 4 mV) and S3a (D174N, V thr = −135 ± 6 mV; D174A, V thr = −104 ± 7 mV). Removal of the N-terminal 96 residues (ΔN) did not alter V thr , but insertion of a premature stop codon after Lys221, which deletes the C-terminal 51 residues (ΔC), caused V thr to shift +15 mV (Supplementary Table 1) .
To address the possibility that nearby residues might functionally compensate for one another in singly mutated Hv1 channels, we created a number of double mutations of residues that were predicted Supplementary Fig. 1 ) was almost without effect (Supplementary Table 1 and Supplementary Fig. 2a ), but D112N E153N D174N and E153A D174A K221A channels behaved similarly to double mutations of the same residues (estimated V thr ≤ -100 mV). In S4, both R205A R208A (V thr = 135 ± 15 mV) and R205A R211A (V thr = 103 ± 13 mV) supported H + currents ( Supplementary  Fig. 2b and Supplementary Table 1), but we were unable to measure currents in cells expressing the S4 triple mutant R205A R208A R211A.
The dependence of V thr on the pH gradient over a wide range of absolute pH i and pH o is a defining feature of voltage-gated proton channels 6 . We found that the slope of the V thr -ΔpH relation (~40 mV per ΔpH unit for both expressed Hv1 (refs. 4,5,7) and native voltage-gated H + conductances 13 ) is generally insensitive to chargeneutralizing mutations (Fig. 2) . The V thr -ΔpH relation appeared to deviate from WT in only two mutant constructs, ΔN and R211A ( Supplementary Fig. 2 and Supplementary Table 1) . N-terminal deletion caused the V thr -ΔpH slope to decrease somewhat (−28 ± 2 mV per unit ΔpH), whereas R211A caused the slope to increase (−53 ± 7 mV per unit ΔpH). Allosteric coupling of transmembrane pH-and voltage-gradient sensing was therefore maintained in each of the functional Hv1 mutations that we tested. C-terminal truncation of mouse Hv1 (VSOP) after the second arginine in S4 also failed to abrogate H + selectivity 16 . Conservation of the hallmark voltage-pH gradient coupling, in the face of structural perturbations that otherwise elicit large changes in voltage and ΔpH sensitivity, suggests that the fundamental biophysical mechanisms underlying H + selectivity and V thr -ΔpH coupling remain intact in Hv1 mutant channels that express measurable currents.
An aqueous crevice in Hv1 model structures
To gain structural insight into the H + permeation pathway in Hv1, we constructed homology models based on the KvAP 17 and Kv1.2-2.1 chimera 18 X-ray crystal structures. We then subjected the Hv1 homology models to sequential coarse-grained and atomistic molecular dynamics simulations on hydrated systems containing solvated ions and 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) lipids. a r t i c l e s positioning the protein into a pre-equilibrated bilayer, we allowed protein and lipids to self-assemble during coarse-grained simulation in the presence of water and ions for 320 ns 19 . We subsequently converted the equilibrated coarse-grained models to an atomistic system by superimposition of Cα atom to particle coordinates and least-square fitting for the protein and by a fragment-based approach for the lipids (see Online Methods). We ran molecular dynamics simulations (20 ns) on POPC bilayer-embedded Hv1 structures in the presence of explicit water and ions (Fig. 3) . A similar in silico approach to the structural determination of β2 adrenoreceptors that combined homology modeling with molecular dynamics simulation was shown to reproduce key dynamic features and ligand-binding properties of the experimental structures 20 .
As expected, the Hv1 model structures are defined by four helical transmembrane segments (S1-S4) arranged in a typical VSD protein fold (Fig. 3a) . Molecular dynamics simulation results indicate that residues that are required for Hv1 sensitivity to bath-applied Zn 2+ (His140 and His193) 4 are extracellularly exposed in the Hv1 model (Supplementary Fig. 3c ). However, consistent with another recently reported Hv1 homology model structure, His140 and His193 remain separated by ~20 Å during our atomistic molecular dynamics simulations, suggesting that Zn 2+ binding is mediated by adjacent subunits in a dimeric channel complex 21 or that monomeric channels bind Zn 2+ via His140 and His193 in a distinct, perhaps closed, conformational state. A noteworthy feature of the model is the organization of conserved polar and charged residue side chains into external (Asp112, Ser143, Ser181, Asp185, Arg211) and internal (Glu153, Lys157, Glu171, Asp174 and Lys221) clusters ( Fig. 3c and Supplementary Fig. 4 ). During the molecular dynamics simulation, we observed side chains from residues in the intra-and extracellular clusters to protrude into the central crevice and participate in hydrogen bonding and electrostatic interaction networks with one another and with water molecules (Fig. 3 and Supplementary Fig. 4 ). Asp112, Arg211 and Asn214 are positioned near the point of maximum constriction between the internal and external residue clusters and aqueous cavities (Fig. 3c) , suggesting that these residues may lie near the center of an electrical field 14 . Arg205 and Arg208 (S4) interact primarily with lipid head groups and solvent during molecular dynamics simulations, but Arg211 interacts mainly with water and other residues in the external cluster rather than lipids (Supplementary Fig. 3a,b) .
The existence of intra-and extracellular residue clusters (Fig. 3c ) suggests that residues within each of the two clusters might have discrete functional roles in Hv1, perhaps serving to functionally polarize the VSD. Consistent with this notion, we observed a pattern in the effects of point mutations on voltage-dependent H + currents: mutations of predicted internally exposed residues shifted V thr negatively, whereas mutations in the external cluster resulted in positive V thr shifts ( Fig. 1 and Supplementary Table 1) . For example, R211A (S4) shifted V thr > +70 mV relative to WT Hv1 (Supplementary Table 1) . A further positive shift in V thr was seen in the doubly mutated R205A R208A and R205A R211A constructs ( Supplementary Fig. 2b and Supplementary Table 1) . Mutations of nearby extracellular acidic residues Asp112 (S1) and Asp185 (S3b) also caused large rightward shifts in V thr ( Fig. 1 and Supplementary  Table 1) , and the D112N D185A double mutant of these residues resulted in an additive rightward shift in V thr compared to either single mutant (Supplementary Fig. 2 and Supplementary Table 2) . In contrast, both neutralizing and charge-conserving mutations of the intracellular acidic residues Glu153 (S2) and Asp174 (S3a) resulted in more negative V thr values ( Fig. 1 and Supplementary Table 1) . The correspondence between our in vitro and in silico results indicates that our Hv1 homology models represent functionally relevant structures. Our Hv1 homology model is also consistent with recent Hv1 residue-accessibility studies 16, 22 .
Water molecules in the central Hv1 crevice could form an aqueous proton wire if they effectively bridge the intra-and extracellular waterfilled cavities in the Hv1 open state (Fig. 4a) , as shown by molecular dynamics simulation of Hv1-like mutations introduced into the KvAP VSD in silico 23 . Water density calculations (measured over the last 10 ns of atomistic molecular dynamics simulations) reveal a continuous column of water molecules in the Hv1 central crevice (Figs. 3 and 4) . Water molecules in the Hv1 crevice appear well coordinated by hydrogen bonding with multiple partner residues in molecular dynamics simulations (Supplementary Fig. 4a,c) . Hv1 mutations that remove side chain hydroxyls, which could help create a hydrophilic pocket for water in the central Hv1 crevice (Fig. 3) , did not abrogate expression of H + current, similar to our results with charged residue mutations ( Supplementary Fig. 2a and Supplementary Table 1) . Unlike Hv1, simulated water densities in X-ray structures for Kv and related channel VSDs (Kv1.2-2.1 chimera, Kv1.2, KvAP, Mlotik) and a NaChBac homology model showed large discontinuities in central-crevice water residency (Fig. 4 and Supplementary Fig. 5 ), suggesting that an organized a r t i c l e s water column that is simultaneously accessible to both intra-and extracellular water is a specific property of the Hv1 structure.
DISCUSSION
The main experimental result of this study is that, contrary to our expectation for Grotthuss H + transfer requiring side chain titration of at least one residue, each of the neutralizing Hv1 single point mutants that we tested still generated unambiguous voltage-and pH gradientsensitive H + currents ( Figs. 1 and 2) . Consistent with previous results 8, 9 , we found that deletion of the Hv1 N or C terminus alters channel kinetics but does not abolish H + current (Supplementary Table 1 ), indicating that the terminal amino and carboxyl groups are not required to form an HBC for proton transport. The most straightforward interpretation of our data is that explicit side chain titration is not necessary for transmembrane H + permeation in Hv1. Grotthuss-type proton transfer in Hv1 is therefore most likely to occur in a network of protein-associated water molecules that bridges the intra-and extracellular milieux in the channel's open state. The hypothesis that the proton conductance in Hv1 occurs in a water wire is further supported by our molecular modeling and simulation studies. Molecular dynamics simulations of Hv1 open-state homology models in the presence of explicit water and counterions revealed a region of prominent water density within the central crevice of the Hv1 VSD (Figs. 3 and 4) . The absence of similar water densities in parallel molecular dynamics simulations of Kv X-ray structures and homologous VSD model structures indicates that the central water density observed in Hv1 is a specific property of the Hv1 protein and not merely a consequence of the simulation parameters. Hydrogen bonds between and among waters and specific residue side chains observed during molecular dynamics simulation appear to stabilize water occupancy, suggesting that Hv1 contains a network of intraprotein water molecules that do not readily exchange with the bulk. Evidence for H + transfer via protein-associated waters was reported previously for other membrane proteins 12, [24] [25] [26] . Hv1 thus represents a specific example in which waters, in addition to residues, are essential for H + channel function. The functional relevance of water molecules in other VSD-containing proteins, from ion channels to phosphatases, remains unknown.
An important caveat to our interpretation is the possibility that Hv1 contains more than one H + transfer residue, such that functional compensation is provided by another ionizable residue in singly mutated channels. However, even combined double and triple mutations of residues that markedly altered Hv1 voltage dependence still generated measurable H + currents, and every functional Hv1 mutation that we tested showed the characteristic sensitivity of channel opening to both voltage and the pH gradient, suggesting that fundamental mechanisms of gating and H + permeation are not perturbed in the mutant Hv1 channels examined here. A rigorous test of the water-wire mechanism in Hv1 would involve the simultaneous neutralization of all candidate ionizable residues, but given the roles of these residues in maintaining VSD stability and function 1, 3, 27 , it seems improbable that such a mutant protein would be functionally expressed. Indeed, although two of the three S4 arginine residues are dispensable, the R205A R208A R211A triple mutant failed to generate measurable H + current, possibly due to the complete loss of the crucial voltage-sensing residues [1] [2] [3] . Consistent with histidine scanning studies in the Shaker Kv channel S4 segment 14 , our data reinforce the idea that S4 arginine residues are not sufficient to form a pathway for sustained transmembrane H + conduction in VSD-containing proteins. Nonconducting mutant Hv1 channels could also result from a dramatic decrease in cell-surface expression, and we observed prominent intracellular localization of GFP fluorescence and small current amplitudes in a variety of the Hv1 mutations tested here, particularly those showing negative V thr values that will be open and therefore conduct inward H + currents at the cell's resting potential. Although we cannot definitively rule out the possibility that proton exchange between water and/or hydronium molecules and amide groups of the peptide backbone, measured hydrogen-deuterium exchange rates are typically several orders of magnitude slower than H + conduction through voltage-gated proton channels 28 . Finally, although it is possible that proton conduction in Hv1 results from a complex mechanism of H + transfer among several residue side chains, functional redundancy of H + shuttle residues or rapid H + exchange with the protein backbone, the simplest explanation for the sum of our data is that protons are transferred through a water wire in Hv1.
Studies on chimeric Kv channels containing transplanted S3b-S4 segments from other VSD proteins, including Hv1, showed that distantly related VSD proteins are likely to share a common structural motif in the voltage sensor and therefore to operate by a similar overall mechanism 29 . In the modular VSD scheme, mutation of conserved acidic and basic residues may perturb networks of electrostatic interactions that contribute to the energetics of voltage-dependent gating 1, 3 . Some acidic residues that participate in electrostatic interactions with basic residues in S4 to control protein stability and voltage dependent activation 25 are conserved in Hv1 (Supplementary Fig. 1) , and the effects of conserved acidic residue mutations on the voltage-dependent activation of NaChBac 30 compare favorably with those reported here for Hv1 (Supplementary Table 1) . Glu153 (S2) and Asp174 (S3a), which are conserved in all known Hv1 species orthologs, appear to be especially important for determining voltage-dependent activation. Even the conservative mutations (such as E153D and D174E) caused large shifts in V thr (Supplementary Table 1) , indicating that these side chains may normally participate in precisely coordinated interactions with other groups. Other residues that are broadly conserved among VSD proteins may be either conserved (Glu119, Lys157) or divergent (Ser143, Lys157, Ser181, Asn214) in Hv1, but nonetheless seem to have only minor effects on Hv1 activity when mutated (Supplementary Table 1 and Supplementary Fig. 1 ). We also identified residues that appear to be uniquely conserved among Hv1 orthologs which dramatically affect V thr when mutated (Asp112, Asp185). Although the presently available data suggest that Hv1 shares functional and structural homology with the VSDs of channels and phosphatases 8, 15, 22 , important differences are likely to endow Hv1 with the apparently unique ability to mediate a H + -selective conductance and couple voltage sensing to pH-gradient sensing.
Modification of Hv1 N214C, which is typically occupied by a basic residue in VSD protein S4 helices, with the positively charged reactive thiol MTSET, renders Hv1 nonconducting, suggesting that this residue is in or near the H + conduction pathway 8 . Consistent with this result, Asn214 was found to lie near a constriction in the central aqueous crevice of Hv1 model structures (Fig. 3) . However, introducing positive charge (by mutation to arginine or lysine) at position 214 is not structurally or mechanistically equivalent to MTSET modification because the mutant channels generate robust H + currents 15, 16 ( Supplementary Fig. 2a) . Our experimental data and structural models are consistent with recent S4 residue-accessibility studies and the notion that, although Asn214 lies near the central crevice through which protons move in the Hv1 open state, the nonionizable polar asparagine residue is not required for Grotthuss-type HBC proton transfer in Hv1 (refs. 15, 22) . The Asn214 equivalent in Shaker and the Kv1.2-2.1 chimera is a lysine that interacts with a conserved aromatic residue in S2 (Phe150 in Hv1) to form an occlusion site that a r t i c l e s is involved in the movement of voltage-sensing arginine residues in S4 (ref. 31 ). However, substitution of nonaromatic residues (alanine, cysteine, serine) in place of Phe150 does not markedly affect V thr in Hv1 (I.S.R. and D.E.C., unpublished data), suggesting that Hv1 and Kv channels may show subtle but important differences in voltagedependent gating.
Mutations of other polar residues that appear to line the aqueous crevice (such as Ser143 and Ser181) also did not abolish Hv1 function, suggesting that the water network is tolerant to structural changes resulting from point mutations. Delocalization of the excess charge in protonated water clusters (Eigen and Zundel cations) 10, 32 could endow the Hv1 water wire with enough conformational plasticity to remain functional despite perturbations in the surrounding protein structure that are caused by introduced mutations. Consistent with this hypothesis, water residency was found to be reduced, but not eliminated, in molecular dynamics simulations of mutant Hv1 proteins that remain conductive but show altered functional properties (Fig. 4 and  Supplementary Fig. 5 ). The central VSD crevice in Hv1 therefore appears to be particularly suited, among VSD proteins, to harboring water molecules for H + permeation, and side chain hydrogen bonds may be important for restricting water mobility to produce a gel-or ice-like water structure. Notably, the effect of deuterium isotope substitution on native voltage-gated H + current (the measured conductance was 1.9 times smaller in D 2 O compared to H 2 O) is similar to the decreased D + conductivity in ice versus water. In contrast, D + conductance is 1.3 times smaller than that of H + in bulk water, indicating that H + transport is not likely to be mediated by bulk water or hydroniumion (H 3 O + ) flux through voltage-gated proton channels 33 . The idea that H + permeation is independent of bulk H 3 O + movement is intrinsic to our model of Hv1 mechanism (Fig. 5 ). An aqueous H + permeation pathway in Hv1 is also consistent with a recent study in which rapid temperature jumps were applied to native voltage-gated proton channels in microglia 34 . Future studies will use in silico approaches to estimate the free-energy profiles for explicit H + residency in and flux through Hv1, as previously explored in other membrane proteins 24, 25, 35 . A noteworthy functional parallel to Hv1 comes from the bacteriorhodopsin photocycle, in which a Grotthuss-type H + transfer in a water network mediates the extracellular H + release step 26 . In both Hv1 and bacteriorhodopsin, the movement of arginine residues (S4 arginine residues in Hv1, Arg82 in bR) controls the opening of an aqueous proton-permeation pathway.
The existence of water deep within the central VSD crevice and in close proximity to voltage-sensing arginine residues in S4 suggests a mechanism for coupling voltage and pH gradients in Hv1. Indeed, an H + binding site within the dielectric was previously postulated; in a mathematical model, voltage sensing could be accomplished by H + binding, movement of a charged gating particle (such as S4) or both 13, 28 . The rate-limiting step in channel opening was previously predicted to be the deprotonation of an extracellularly accessible H + binding site (extracellular acidification shifts V thr toward positive potentials) 13, 28 .
Our experimental and simulation data predict that the central proton binding site is in water rather than an ionizable Hv1 side chain, raising the possibility that protonated water directly interacts with voltage-sensing arginine residues at least in S4 (Fig. 5) . In this scheme, open and closed channel states are differentiated by the position of S4 and proton accessibility to a central water network. At low pH o , the probability of H + occupancy in the extracellularly accessible water network increases, thereby stabilizing the 'down' position of S4 by electrostatic repulsion of positively charged arginine residues. Conversely, an outward translation of S4 driven by membrane depolarization will tend to decrease H + occupancy of the water network, thus affecting the channel's sensitivity to pH o 13, 28 . The control of channel opening by both voltage and pH o is therefore the result of balancing the energetics of H + binding in the central water network and S4 arginine movement through this aqueous environment. Consistent with this model, we found that only a single conserved arginine in S4 (either Arg208 or Arg211) is required for voltage-and ΔpH-dependent gating in Hv1.
At physiological voltages, Hv1 channel open probability and the voltage-gated H + conductance are miniscule (P open ≤ 10 −3 ) 22, 36 , but the probability of stochastic S4 movement between the up and down states of Hv1 channel opening and voltage-sensor movement nonetheless remains finite. The occasional spontaneous outward movement of S4 may allow water in the central crevice to receive a proton from the cytosolic side, thereby allowing both intra-and extracellular pH (that is, the pH gradient) to be sensed. Alternating membrane accessibility of an H + binding site is a central feature of a kinetic model of proton channel gating 13, 28 . However, our inability to identify Hv1 mutations that abolish coupling between the pH and voltage gradients indicates that water, rather than an ionizable side chain, functions as a 'regulatory proton binding site' 13, 28 a r t i c l e s for the permeant ion but also as a crucial element in a gating mechanism that couples transmembrane voltage and pH gradient sensing. We hypothesize that in Hv1, protonated waters in the central crevice electrostatically interact with S4 arginine residues, thus explaining how information about local pH is communicated to the voltagesensing apparatus to achieve coupling between V thr and ΔpH (Fig. 5) . The proposed mechanism represents a variation on a common theme where hydrogen bonding and electrostatic interactions create coordinated networks of water molecules, through which an excess proton may be efficiently transferred. The existence of water networks harboring an excess proton (perhaps in the form of an asymmetric Eigen cation) was previously inferred from both experimental and theoretical studies of H + -selective transport pathways 6, 11, 12, 24, 25, 32, 35, 37 . Hv1 uniquely combines an H + -selective permeation pathway within an S4-type VSD, and the result is a proton channel in which membrane voltage and the concentration of the permeant ion, H + , coordinately determine the open probability of an aqueous proton wire.
In summary, we pursued two independent and complementary experimental strategies to investigate the molecular mechanism of H + permeation in Hv1. Neutralizing mutagenesis of candidate ionizable residues does not abrogate the expressed H + current, indicating that explicit side chain titration is not required to sustain the proton conductance. Strikingly, voltage and pH gradient sensing also remain coupled in the mutations tested here. Molecular dynamics simulations of Hv1 homology models revealed resident protein-associated water molecules within the central crevice of the VSD that are stabilized by hydrogen bond networks with specific residues. We conclude that conformational rearrangements in the Hv1 structure (gating), which result from changes in membrane potential or the pH gradient, permit the formation or function of a water wire for selective H + conduction.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. 
